Many parrot species are kept in captivity for conservation, but often show poor reproduction, health and survival. These traits are known to be influenced by oxidative stress, the imbalance between the production of reactive oxygen species (ROS) and ability of antioxidant defences to ameliorate ROS damage. In humans, oxidative stress is linked with obesity, lack of exercise and poor nutrition, all of which are common in captive animals. Here, we tested whether small parrots (budgerigars, Melopsittacus undulatus) maintained in typical pet cages and on ad libitum food varied in oxidative profile, behaviour and body mass. Importantly, as with many birds held in captivity, they did not have enough space to engage in extensive free flight. Four types of oxidative damage, single-stranded DNA breaks (low-pH comet assay), alkali-labile sites in DNA (high-pH comet assay), sensitivity of DNA to ROS (H 2 O 2 -treated comet assay) and malondialdehyde (a byproduct of lipid peroxidation), were uncorrelated with each other and with plasma concentrations of dietary antioxidants. Without strenuous exercise over 28 days in a relatively small cage, more naturally 'active' individuals had more single-stranded DNA breaks than sedentary birds. High body mass at the start or end of the experiment, coupled with substantial mass gain, were all associated with raised sensitivity of DNA to ROS. Thus, high body mass in these captive birds was associated with oxidative damage. These birds were not lacking dietary antioxidants, because final body mass was positively related to plasma levels of retinol, zeaxanthin and α-tocopherol. Individuals varied widely in activity levels, feeding behaviour, mass gain and oxidative profile despite standardized living conditions. DNA damage is often associated with poor immunocompetence, low fertility and faster ageing. Thus, we have candidate mechanisms for the limited lifespan and fecundity common to many birds kept for conservation purposes.
Introduction
Members of the Psittaciformes order (parrots) are particularly endangered and also long lived among bird species (Forshaw, 2010; Young et al., 2012) . In response to declines in population sizes, many parrot species are kept in captivity for conservation purposes (White et al., 2012; Young et al., 2012) . For example, for the critically endangered Puerto Rican parrot (Amazona vitatta) a captive breeding programme was established in 1973 from a mere 13 birds (Earnhardt et al., 2014) . Despite problems with low fertility and inbreeding (Snyder et al., 1996) , this aviary population now supplies an actively managed, long-term reintroduction programme (Earnhardt et al., 2014) . Recent research using zoo records revealed that while some individual parrots in captivity can live to great ages (>20 years in some cases), the median maximal lifespan is usually <30% of this duration for most species (Young et al., 2012) . Advances in animal husbandry seem to be resulting in greater longevity for parrots in zoos today compared with those over a decade ago, but clearly many parrot species are not thriving in captivity (Young et al., 2012) . Likewise, breeding success can be relatively low among captive birds, in particular captive-bred birds (Snyder et al., 1996) , with a number of causal factors implicated, such as low sperm counts, low sperm or egg quality and embryo mortality (Houston et al., 2007; Hemmings et al., 2012; Young et al., 2012) . Obesity, lack of exercise and poor nutrition have all been suggested to impact upon reproductive performance, health and survival in many taxa and are all common in captive, companion and managed animals (Houston et al., 2007; Clubb et al., 2009; German et al., 2012) . Given that oxidative stress can influence many components of the life history (reviewed by Monaghan et al., 2009) , it might provide an underlying mechanism linking many of the problems found in captive birds.
There is growing evidence that a number of life-history traits, including fertility, immune function, sexual attractiveness, fecundity and longevity, are modulated by oxidative stress (reviewed by Monaghan et al., 2009; Selman et al., 2012) . Indeed, some have suggested that oxidative stress is a key cellular mechanism that constrains both lifespan and lifehistory strategies (Costantini et al., 2013; Metcalfe and Monaghan, 2013) . Reactive oxygen species (ROS) are unstable molecules, produced by cell-signalling processes, by the immune system and during metabolism (Murphy et al., 2011) . Although the production of some ROS is natural and unavoidable, unchecked ROS cause damage to the lipids, proteins and DNA necessary for maintaining biological function (Knight, 1998) . This naturally produced oxidative stress has led to the evolution of endogenous antioxidant defences within all animals (Surai, 2002) . Some antioxidants are also acquired through the diet, which might augment the antioxidant defences of animals (e.g. Surai, 2002; Kolosova et al., 2006) , including birds (e.g. Woodall et al., 1996; Larcombe et al., 2008 ; but see Costantini and Møller, 2008) . Oxidative stress occurs when the body's antioxidant systems are overwhelmed by the production of ROS. Although as yet poorly understood (Monaghan et al., 2009) , the factors affecting an individual's susceptibility to ROS and the potential impacts of ROS on health, fertility and survival are therefore of relevance to conservation physiologists. There are several mechanisms by which captive bird species might be particularly vulnerable to oxidative stress, and this could have important implications for conservation. In the present study, we investigate the following: (i) the propensity to reach suboptimal body mass with ad libitum food provision; and (ii) reduced ability for exercise training.
One of the internationally recognized five freedoms for animal welfare in captive animals is 'freedom, from hunger, thirst or malnutrition' (OIE, 2014) . In practice, this means that many captive animals are provided with an ad libitum diet, with the assumption that where food requirements are unknown (as is generally the case with captive birds; Koutsos et al., 2001; Kalmar et al., 2010) , animals are a better judge of their requirements than keepers (Fidgett and Gardner, 2014) This ad libitum diet, combined with a restriction on or nonrequirement for natural exercise and potential preferences for food items that would be restricted in wild environments, means that captive birds, especially parrots (Kalmar et al., 2010) , may consume more food than required, reaching suboptimally high body mass (Fidgett and Gardner, 2014) . In wild birds, high body mass is generally considered to enhance fitness, but in captivity it can potentially signal 'obesity', with concomitant health and performance problems (Larcombe et al., 2008) . Obesity, or suboptimally high body mass, has been repeatedly connected with oxidative stress and damage, both because it may accelerate the production of ROS (Aroor and DeMarco, 2014) and because oxidative stress in an excess of body fat is an important mechanism for pathogenic syndromes related to high body mass (Furukawa et al., 2004) .
Here, using captive budgerigars (Melopsittacus undulatus) as a model for captive psittaciforme birds, we test the hypothesis that increased body mass, associated with access to ad libitum food in captivity, will result in increased oxidative damage. While we acknowledge that the budgerigar is smaller and has a more granivorous diet than many other parrots, we feel that it is a useful model of psittaciformes because it shares many of the behavioural and physiological traits typical of parrots, such as monogamous pair breeding, relatively long lifespan and relatively high intelligence (Brockway, 1964; Harper, 1998; Kalmar et al., 2010) .
A second factor relating to both welfare and oxidative stress in captive animals relates to the issue of physical exercise. Given that ROS production is increased by metabolic processes, an individual's level of physical activity is likely to alter its oxidative balance (Urso and Clarkson, 2003) . Several studies have shown that exercise, particularly strenuous exercise, can increase oxidative stress in humans and other animals (Hartmann et al., 1995; Aniagu et al., 2006) , including birds (Costantini et al., 2007) . In apparent contrast, we have previously shown that exercise-linked oxidative damage, in the form of lipid peroxidation, was ameliorated in captive budgerigars after they had been subjected to regular exercise sessions during which they were trained to perform take-off escape flights, a strenuous and biologically relevant form of exercise. However, even though guidelines for maintaining birds in captivity generally recommend cages that provide for enough space to spread the wings, hop around the cage or even allow short flights, many cages do not permit extensive aerobic exercise. Thus, such cages may limit the capacity of the birds within to develop resistance to exercise-generated oxidative stress, resulting in oxidative damage caused by high activity levels. To date, studies of oxidative balance and exercise in animals usually involve enforced strenuous exercise, but the extent to which an individual's 'natural behaviour' will affect levels of oxidative stress is unclear. Here, we test the prediction that birds that are generally more active in their cages will have increased levels of oxidative damage than more sedentary animals, if attenuation of exercise-mediated oxidative damage does not occur.
In the present study, we explored whether the oxidative profile in adult budgerigars fed a standard ad libitum diet was related to activity levels or body mass. To account for possible confounding effects of a captive diet, i.e. insufficient quantities of dietary antioxidants or avoidance of antioxidant-rich food items, we also measured food choice, food intake and plasma antioxidant levels. To investigate the implications of oxidative stress, we assessed it via direct quantification of oxidation products of lipids and DNA; measurement of malondialdehyde (MDA), a product of lipid peroxidation, is one of the most commonly used techniques (Young and Trimble, 1991) . We also gauged DNA damage because it is estimated that ROS are responsible for ∼10 000 base modifications a day (Diplock, 1994) . The single-cell gel electrophoresis or comet assay measures DNA fragmentation after electrophoresis to assess the level of DNA damage (Tice et al., 2000) . Comet assay can be applied at different alkalinities in order to reveal different types of DNA damage. At a lower pH, it is thought to reveal only DNA strand breaks, and at higher pH both DNA strand breaks and alkali-labile sites are revealed. The yield of DNA breaks after exposure of intact cells to ROS via treatment with hydrogen peroxide (H 2 O 2 ) indicates changes in the sensitivity of the cells towards exogenous oxidative DNA damage and thus gives information on antioxidant defences (reviewed by Hoelzl et al., 2009) . The comet assay technique may be particularly useful in birds, from which nucleated blood cells can be obtained easily with little impact. Studies on birds, except for those on commercial poultry, have only started to use comet assays and MDA assays in the last few years (e.g. Larcombe et al., 2008 Larcombe et al., , 2010b Bonisoli-Alquati et al., 2010; Hegseth et al., 2011; Sepp et al., 2012) . Our specific aims were to determine whether, in captive budgerigars fed ad libitum food and held in cages that met UK governmental guidelines for welfare but did not allow for vigorous exercise, oxidative profile and plasma concentrations of dietary antioxidants were associated with (i) variation in body mass or (ii) differences in activity profiles.
Materials and methods
Domesticated (green and yellow) budgerigars, 12 male and 12 female, had been maintained in large mixed-sex flight aviaries that permitted free flight over large distances (>2 m high and >10 m long). These birds had been captive reared in the UK. At the start of the experiment, they were weighed and their health status checked by the resident veterinarian. Birds were then randomly housed with a member of the opposite sex because we wished to reduce the possible influence of physiological stress on our results, and evidence suggests that budgerigars are most content in mixed-sex pairs. The budgerigars did not breed during the experiment, and environmental conditions (temperature and lighting regimen) were held constant from their previous cages to prevent opportunistic breeding. We did not observe courtship behaviour or any other indications that birds prepared for breeding during the course of the experiment, and after the experiment the birds were monitored for a further 2 months, in which breeding did not occur. Each pair was housed in a cage measuring 1002 mm × 545 mm × 410 mm, which while too small for free flight was larger than a standard pet breeding cage for this species and met UK Home Office guidelines for captive laboratory bird welfare (Hawkins et al., 2001) . Birds had ad libitum access to water and food throughout the experiment, except during food-choice trials. Videomonitoring equipment was placed in front of each cage from the start of the study to habituate the birds to it prior to the behaviour trials.
This experiment lasted 28 days, with all budgerigars receiving the same diet of standard Trill ® , which consists of a seed mix with 3% inclusion of Nutrivit ® . They also received this diet prior to the start of the trial in their flight aviaries and so were accustomed to it. Nutrivit ® is a vitamin supplement in the form of a small seed-like grain that is mixed into the seed mix (Mars, Csongrad, Hungary) and provides a higher concentration of antioxidants, calcium and iodine than is present in seed alone, thus supplying budgerigars with a nutritionally enhanced diet (Brue, 1994) . In providing a diet rich in antioxidants, we wished to omit the possibility that the results of our measures of oxidative damage were not a byproduct of an antioxidant-poor diet. Concentrations of antioxidants in the seed diet were as follows: α-tocopherol, 0.75 IU/g; retinol, 0 IU/g; vitamin C, 1.35 µg/g; β-carotene, 0.06 µg/g; lutein, 4.19 µg/g; and zeaxanthin, 1.35 µg/g. Concentrations of antioxidants in Nutrivit ® were as follows: α-tocopherol, 1668.4 IU/g; retinol, 220 000 IU/g; vitamin C, 764.4 µg/g; β-carotene, 0.6 µg/g; lutein, 2.8 µg/g; and zeaxanthin, 2.6 µg/g (full nutritional analysis by Eurofins, Wolverhampton, UK). From day 24 to 28, behavioural and diet-choice trials were performed.
All birds were blood sampled after 28 days of the experiment. In order to comply with ethical standards, samples were not collected at the start of the experiment as well. Tarsus, wing and mass measurements were taken. Change in body mass was calculated as the body mass after 28 days minus the body mass at the start of the experiment. A small blood sample (∼250 µl) was taken from the jugular vein via a 25-gauge needle and a syringe. Fifty microlitres of the whole blood was diluted in 1 ml of phosphate-buffered saline immediately in a sodium citrate tube for comet assay. All individuals were subjected to the same capture, restraint and sampling protocols. We have previously shown that measures of oxidative damage and antioxidant defences are not significantly affected by the time between capture and blood sampling (Arnold et al., 2015) . Capillary tubes of blood were centrifuged for 5 min at 14 000g, and plasma was stored at −70°C, prior to antioxidant and MDA analysis.
Food intake and behavioural activity
We monitored food intake and behaviour simultaneously at the end of the trial, when birds were most likely to be acclimated to their environment and thus displaying normal patterns of food choice and behaviour. We weighed seed in and out of the cages, and video recorded birds to assess their levels of activity in order to relate this to their oxidative profiles (see also Supplementary Materials and Methods). At 08.00 h on days 24-26 of the experiment, feeding dishes were removed from each cage for a period of 2 h to standardize hunger for food-intake trials, and cages were cleaned. Next, pairs were separated with a cage divider for the duration of the observations. Individual budgerigars were presented with a food bowl containing a prepared 10 g food sample comprising identical proportions of each seed and Nutrivit ® . The video camera in front of each cage was switched on during the food-choice trial to record behaviour without the confounding effects of social interactions, but the birds were not acoustically isolated. The dish and tray, along with any spilled seed, were removed after 2 h. The remaining seeds were carefully weighed, and Nutrivit ® pieces were counted, to monitor food intake as well as potential selection of antioxidant-rich food items. Initial analyses showed that the first hour of each observation period accurately reflected the behaviour of the budgerigars over the entire filmed period. Thus, for each individual, we scored the frequency of different behaviours performed per 10 min interval during the first hour of the trial and averaged across 3 days (see Supplementary Materials and Methods for full description of behaviours). The mean behavioural profiles of birds across the three 1 h observation periods are shown in the Supplementary Results. The birds performed many different behaviours that may be considered 'active', and not all individuals performed each of them (e.g. some would hop between perches, while others flew). Behaviours we counted as active were walking, flying, hopping, climbing and turning. In order to reduce the complexity of the behavioural activity, and to avoid multiple comparisons, we used principal component analysis (PCA; SPSS) to create new variables based on these active behaviours that explained the variance in these data. The PCA created two new activity scores, namely Activity PC1 (explaining 43% variance in behavioural scores) and Activity PC2 (explaining 29% variance in behavioural scores). Loading on PC1 was explained mostly by hopping, walking and flying (eigenvalues 0.885, 0.868 and 0.466, respectively) and PC2 was explained mostly by flying, climbing and turning (eigenvalues 0.821, 0.762 and 0.701, respectively).
Analysis of malondialdehyde
The MDA method was based on that of Young and Trimble (1991;  see the Supplementary Materials and Methods and  Larcombe et al., 2008 for full details). Briefly, following extraction, the supernatant was analysed on a Summit HPLC system (Dionex, Idstein, Germany) using Chromeleon software (Dionex). An Acclaim 120 C18 5 (4.6 mm × 250 mm column; Dionex) and guard were used with fluorescence detection (excitation, 532 nm and emission, 553 nm). The mobile phase was isocratic, 40:60 methanol:phosphate buffer (40 mM, pH 6.5), with a flow rate of 1 ml/min and a run time of 7 min. Samples were assayed against a standard of malonaldehyde bis (dimethyl acetal; Sigma Aldrich, Poole, UK) that was taken simultaneously through the same procedure.
Comet assay
For each bird, the following three different treatment regimens were used: carrying out the electrophoresis at two different pH values (high, ∼pH 13.5 and lower, ∼pH 12.5), and in addition, we treated cells with H 2 O 2 at a lower pH. High pH reveals both DNA single-strand breaks and alkali-sensitive sites, whereas the lower pH reveals only DNA single-strand breaks. Exposure to H 2 O 2 is believed only to cause breaks, but not at alkali-sensitive sites, and is suggested to indicate the susceptibility of DNA to oxidative damage. Hydrogen peroxide is a natural source of oxidative damage in cells, causing a spectrum of DNA lesions, including single-and double-strand breaks (reviewed by Hoelzl et al., 2009) . The comet assay involved slow-spin preparation of avian lymphocytes, treatment of cells with H 2 O 2 and embedding in agarose-coated slides, following the procedure of Tice et al. (2000) . Next, we performed electrophoresis at low pH (0.03 M NaOH) to reveal DNA strand breaks and electrophoresis at high pH (0.3 M NaOH), which also converts alkali-labile sites into single-strand breaks. Slides were made and analysed on the same day as blood sampling. Full details of the methods are in the Supplementary Materials and Methods and Larcombe et al. (2008) . The slide was viewed by epifluorescence microscopy using an Olympus BX-51 (Olympus Optical Co., Tokyo, Japan) with a 460 nm ultraviolet filter for SYBR Green. Komet software (v.6, Kinetics Imaging, Nottingham, UK) was used for image analysis on 100 randomly selected cells for each bird and pH treatment. Cells were scored according to the percentage of DNA in the comet head, as a measure of DNA intactness. The mean intactness was calculated across the 100 cells per slide and across the two slides per treatment per bird. There was high repeatability (>80% across the two slides per treatment per bird). This was then converted to the percentage of damaged DNA to aid interpretation of the results.
Plasma antioxidants
We analysed levels of α-tocopherol, lutein, zeaxanthin and retinol in order to uncover any effect of oxidative damage, body mass or activity on plasma antioxidant profile. See Supplementary Materials and Methods and Larcombe et al. (2008) for further details. Following the extraction process, a Spectra Model 8800 HPLC pump system with a Phenomenex 250 mm × 2 mm i.d. column was used to determine the antioxidant composition of each sample. Using a Diode array absorbance detector type Thermo model UV6000, we detected carotenoids by absorbance at 445 nm, α-tocopherol at 295 nm and retinol at 325 nm. Peaks were identified by comparison with chromatography and retention times of several standards (Sigma, Poole, UK; Fluka, Gillingham, UK).
Statistics
To test our two main aims of relating oxidative stress to body mass and activity, for each measure of oxidative damage we constructed a general linear model (GLM; SPSS version 20). Oxidative damage measures (4 × comet assays and MDA) were entered as explanatory variables, with the following covariates: mass at start; change in body mass; activity PC1; and activity PC2. The proportion of intact DNA was subtracted from 1 to give the proportion of damaged DNA, and was then arcsine square root transformed prior to analysis. Count data were square root transformed prior to analysis to meet the assumptions of the models. Neither age nor sex significantly explained variance in our data, and they were therefore omitted. Additionally, to test for relationships between feeding duration and body mass measures and between antioxidants and oxidative stress, we used Spearman's rho, because not all the variables met the assumptions of parametric correlations even after transformation. Given the multiple comparisons between all of these measures, we used Bonferroni correction for our P-values. Non-significant terms were removed from the model in a backwards stepwise fashion.
Ethical note
All work was carried out in accordance with the guidelines of the Association for the Study of Animal Behaviour/Animal Behavior Society for the treatment of animals in research and subjected to ethical review by WALTHAM ® Centre for Pet Nutrition and the University of Glasgow. No birds became ill or died during this experiment.
Results

Analysis of malondialdehyde and comet assay
There was inter-individual variation in all four measures of oxidative damage, as follows: MDA (range 0.068-0.602 µM/l, mean 0.24 ± 0.02 µM/l); percentage of damaged DNA with high-pH comet assay (range 7.18-60.27%, mean 32.17 ± 2.64%); percentage of damaged DNA with low-pH comet assay (range 7.91-46.32%, mean 20.19 ± 2.62), and percentage of damaged DNA with H 2 O 2 -treated comet assay (range 24.41-76.42%, mean 62.28 ± 2.66%).
The proportion of damaged DNA following H 2 O 2 treatment was almost significantly related to body mass at the start (GLM F = 4.182, d.f. = 1,22, P = 0.054; Fig. 1a ) and significantly correlated with body mass at the end (GLM F = 7.7, d.f. = 1,22, P = 0.011; Fig. 1b) . A similar, but statistically non-significant, pattern was shown for the change in body mass during 28 days in a small cage and the proportion of damaged DNA following H 2 O 2 treatment (GLM F = 3.09, 1,22, P = 0.094; Fig. 1c ). Thus, birds that were heavier at the start or end of the experiment had DNA that showed more sensitivity to ROS damage than lighter individuals, as did those that gained most weight during the course of the trial. Body mass measures were uncorrelated with MDA, high-pH and low-pH comet assays.
Using the low-pH comet assay, there was a higher proportion of damaged DNA in more active birds (Activity PC1) than in more sedentary birds (Fig. 2 ; GLM F = 5.99, d.f. = 1,22, P = 0.025). Activity was not significantly correlated with MDA, H 2 O 2 comet assay or the high-pH comet assay.
None of the measures of oxidative damage were significantly related to one another, as follows: MDA and low-pH comet assay (ρ = −0.076, n = 20, P = 0.75); MDA and high-pH comet assay (ρ = −0.286, n = 22, P = 0.29); MDA and H 2 O 2treated comet assay (ρ = 0.176, n = 22, P = 0.43); low-pH and high-pH comet assays (ρ = 0.017, n = 19, P = 0.94); low-pH and H 2 O 2 -treated comet assays (ρ = −0.09, n = 19, P = 0.69); and high-pH and H 2 O 2 -treated comet assays (ρ = 0.31, n = 22, P = 0.16).
Behavioural activity and body mass
Body mass measures were not linked with PCA scores of activity levels (P > 0.4 in all cases). Feeding duration during the behavioural trials was positively correlated with body mass at the end of the experiment (ρ = 0.50, n = 24, P = 0.012) and change in mass (ρ = 0.54, n = 24, P = 0.012) but not with mass at the start of the experiment (P > 0.9). Thus, budgerigars that spent more time eating were heavier compared with those that spent less time feeding after a short period without food.
Plasma antioxidants and measures of oxidative damage
Mean values of antioxidant concentrations in budgerigar plasma (in micrograms per millilitre) were as follows: lutein, 33.78 ± 2.82; zeaxanthin, 31.83 ± 3.22; retinol, 0.69 ± 0.08; and α-tocopherol, 2.07 ± 0.83. There were no significant relationships between plasma antioxidant concentrations and any measure of oxidative damage (see Table 1 ). With the exception of lutein and zeaxanthin, concentrations of antioxidants were uncorrelated with each other (Table 1) . Antioxidant concentrations were not correlated with natural variation in the frequencies of behaviours (P > 0.5 in all cases).
Birds that consumed on average a higher mass of seed during behavioural trials had higher circulating concentrations of 6 Conservation Physiology • Volume 3 2015 Research article lutein (ρ = 0.512, n = 19, P = 0.025) and zeaxanthin (ρ = 0.474, n= 19, P = 0.040), but not retinol (P > 0.4) or α-tocopherol (P > 0.3; see also Supplementary Results). Body mass at the start of the experiment was not related to plasma concentrations of antioxidants (P > 0.6 in all cases). However, mass gain during the experiment was positively related to plasma concentrations of retinol, zeaxanthin and α-tocopherol (GLM retinol, F = 13.78, d.f. = 1,17, P = 0.002; zeaxanthin, F = 8.04, d.f. = 1,18, P = 0.013; and α-tocopherol, F = 6.39, d.f. = 1,17, P = 0.024). Finally, budgerigars that were relatively heavy at the end of the experiment had significantly higher plasma concentrations of retinol (F = 11.77, d.f. = 1,18, P = 0.004), zeaxanthin (F = 5.52, d.f. = 1,18, P = 0.034) and α-tocopherol (F = 5.92, d.f. = 1,18, P = 0.029) than lighter individuals.
Discussion
Our results showed that for budgerigars in standard pet cages fed ad libitum food, some measures of oxidative damage (but not others) were associated with activity and body mass. Interestingly, the H 2 O 2 -treated comet assay indicated that the DNA of birds that were heavy at the end of the experiment was most sensitive to future ROS damage. Although not statistically significant, the data indicate that this relationship between H 2 O 2 -treated comet assay and mass at the end of the experiment could be a result of both high mass at the start of the experiment and high mass gain while in the relatively small experimental cages. It should be noted that there is some controversy concerning exactly what the different comet assays reveal about DNA damage (Collins et al., 2008; Speit et al., 2009) , but these assays are commonly used in human studies, particularly those testing the efficacy of nutritional supplements (reviewed by Hoelzl et al., 2009 ). These heavier individuals did not seem to be deficient in dietary antioxidants, because they had significantly higher concentrations of retinol, zeaxanthin and α-tocopherol than lighter individuals. Although the long-term implications of DNA damage associated with higher body mass are unclear from the present study, increases in DNA damage can eventually lead to apoptosis (Monti et al., 1992) . Given that avian lymphocytes, the cells probed in the comet assay, are produced only early in development and circulate for lengthy periods (Glick, 1979) , long-term DNA damage may induce a reduction in lymphocyte numbers and therefore leave an animal vulnerable to disease. This could have welfare and conservation implications for captive animals. These results indicate that an ad libitum diet, at least in association with captivity in a relatively small cage, may promote suboptimally high weight gain, with associated consequences for oxidative stress and health. The fact that the seed mix in our trial contained extra antioxidant-rich items that did not compensate for weight-related oxidative damage suggests that providing a restricted diet for captive animals to maintain their body mass (rather than gain mass) may be as important as providing appropriate nutrients.
We also wished to test whether unforced activity (i.e. the exercise that animals performed without human intervention) was associated with oxidative damage. Individuals that were more active in their cages had more damaged DNA, measured by low-pH comet assay, than more sedentary birds. Several studies have shown that exercise and activity are capable of increasing correlates of oxidative stress (e.g. Hartmann et al., 1995; Aniagu et al., 2006) . However, many of the studies linking exercise and oxidative stress have enforced strenuous exercise on experimental subjects, and the extent to which 'natural' or 'unforced' behaviour is linked to oxidative damage is currently unclear (Tiidus, 1998) . Previously, we have demonstrated that after strenuous flight activity, the MDA levels of budgerigars were significantly higher after a single training session than after 9 weeks of regular flight training. Moreover, at the start of that experiment, budgerigars that were relatively heavy for their skeletal size showed significantly higher post-exercise MDA levels than leaner individuals, but this relationship had disappeared after 9 weeks of exercise training (Larcombe et al., 2010a) . Both of these results were independent of the antioxidant content of the diet, suggesting a role for the endogenous antioxidant system in modulating responses to regular exercise or, conversely, to a sedentary life (reviewed by Urso and Clarkson, 2003) . Our results in the present study therefore do not imply that exercise is harmful for captive birds. Exercise in sedentary individuals can cause oxidative damage, but regular training can improve the ability of the body to cope with strenuous exercise, as has been shown in mammals (Sen et al., 1992; Oztasan et al., 2004) . In order to protect against the deleterious nature of oxidative stress, it seems likely that the exercise regimen of captive birds, especially long-lived species, such as parrots, should be considered where they are kept for conservation purposes. We suggest that even cage sizes that permit short flights and the stretching of wings might be insufficient to allow captive birds to obtain the benefits of exercise-mediated upregulation of antioxidant systems.
An important consideration in our results is that defining 'exercise' or 'activity' in unmanipulated captive animals is extremely difficult. In this trial, we recorded all the behaviours performed by the budgerigars and used a principal component analysis to reduce the complexity to two measures. Interestingly, only one of these measures seemed related to oxidative damage, i.e. the principal component explained by flight, walking and hopping. We might consider that these three behaviours represent the most 'active' of any behaviour we recorded, based on the idea that without the ability to perform strenuous exercise regularly, such active behaviours might promote oxidative damage. The results support this view, although it should be noted that other factors might underline this relationship. Physiological stress is known to promote oxidative stress and damage (Costantini et al., 2011) . In the present trial, we wished to assess the impact of captivity in small cages on exercise and oxidative damage, although it is possible that moving into smaller cages was stressful for the birds (Dickens et al., 2009 ); captive-bred birds have been shown to have attenuated stress hormone responses compared with wild-bred birds (Cabezas et al., 2013) . Behaviour interpreted as 'active' might also reflect agitation associated with stress. In either case, where birds are required to be caged for conservation purposes, we recommend that large aviaries would allow both increased exercise and, potentially, a reduction in physiological stress.
Another notable aspect of our results is that different measures of oxidative damage and dietary antioxidant profile were uncorrelated with one another. This has also been found in studies on humans in relationship to dietary supplements (Hoelzl et al., 2009) and in studies on birds (reviewed by Costantini and Verhulst, 2009 ). These results show that defining oxidative status is complex; absence of any effect on one measure of oxidative damage does not indicate a de facto absence of change in oxidative stress. Malondialdehyde is directly representative of levels of lipid peroxidation, one of the major types of oxidative damage. The finding that lipid peroxidation, which has been reported as being exacerbated by exercise (Vollaard et al., 2005) , was unrelated to natural activity levels in our study is potentially significant for our understanding of the mechanisms of oxidative damage. All of the results discussed above as oxidative stress relate to DNA damage measured by comet assay. Comet assay employs only DNA from lymphocytes, but the origins of plasma byproducts of lipid peroxidation, such as MDA, are unknown. Thus, there are probably tissue-specific products of oxidative stress. Plasma levels of antioxidants were unrelated to levels of oxidative damage, although both traits were associated with very high body mass in our budgerigars. It is possible that antioxidants in plasma were used up in countering oxidative stress prior to blood sampling or that important antioxidants were stored in tissues, rather than immediately used or circulated in plasma (Surai, 2002) . Of course, other, unmeasured, antioxidants may also be valuable. Moreover, a range of antioxidants could act synergistically in limiting oxidative damage in this species (Ewen et al., 2006) . Although our analyses of MDA and DNA damage cannot be used as an assessment of total oxidative stress (Dotan et al., 2004; Larcombe et al., 2008) , we suggest that measuring products of oxidative damage is a more effective measure of oxidative status than measuring antioxidant capacity, because the potential of molecules to act as antioxidants in vitro does not necessitate that this will be their role in vivo (Costantini and Verhulst, 2009 ). Moreover, we have shown that heavier budgerigars also had higher concentrations of plasma antioxidants than lighter individuals. Thus, antioxidant status is not necessarily an index of 'health' or ability to withstand oxidative damage. In our study, simply using antioxidant wealth as a measure of oxidative status, as in other studies (reviewed by Costantini and Møller, 2008) , would have led to misleading conclusions.
In the present study, we found that active behaviour was linked with oxidative damage, in that more active budgerigars had more single-stranded breaks in their DNA than more sedentary individuals. Individuals varied in their foraging behaviour following a short period without food, and this was related to their body mass. Although causality needs to be determined, it suggests that appetite and thus overeating varies between individuals kept in standardized conditions. We also demonstrated, for the first time in captive birds, that mass gain and body mass are linked to DNA damage and sensitivity of DNA to future ROS attack. This study opens the door to further work on the extent to which exercise and feeding regimens can alter oxidative profile, and thus fitness-related traits. Moreover, our data gathered in standardized conditions have important implications for understanding the mechanisms underlying the curtailed lifespan and fecundity common in many Pscittaciformes kept for conservation purposes.
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